ABSTRACT The United States organic poultry industry is currently facing a limitation on dietary inclusion of synthetic methionine (Met). This study investigated Brazil nut protein powder (BNPP), spraydried egg white (SDEW), and spray-dried egg blend (70:30 albumen: yolk) (SDEB) as alternatives to synthetic Met in organic laying hen diets. A total of 270 Hy-Line Brown laying hens was fed 5 diets from 22 to 38 wk of age, with 6 replicates of 3 adjacent cages per diet and 3 hens per cage. Diets included a commercial control (COM) (non-organic with standard CP and synthetic Met), an organic control (ORG) (with no synthetic Met, but higher CP to meet Met requirements), and 3 organic treatment diets with no synthetic Met, but including BNPP, SDEW, or SDEB at levels to meet Met requirements. Egg production and quality, body weight (BW), feed intake, and manure nutrients and ammonia were assessed. Data were analyzed using the PROC MIXED procedure of SAS, with Tukey's test used for multiple mean comparisons, and P ≤ 0.05 was deemed statistically significant. Body weight was greatest for the COM diet, and feed conversion improved for hens fed egg-based diets compared to controls. Egg weight and production did not differ between COM and treatment diets. The SDEW diet had greater albumen height and Haugh units compared to ORG and BNPP diets and greater percent albumen compared to COM and BNPP diets. Specific gravity was greatest for BNPP fed hens. Manure DM and potash were highest from COM and BNPP diets, respectively. Both egg-based diets increased ammonia flux relative to the COM diet. The BNPP and egg-based diets were lower in cost for $/metric tonne, $/dozen eggs, and $/kg of eggs compared to the ORG diet. The ingredients assessed herein could, therefore, cost-effectively replace synthetic Met in organic hen diets without negatively impacting egg production.
INTRODUCTION
As of March 15, 2011, the United States Department of Agriculture National Organic Program (NOP) ruled that synthetic methionine (Met) would be limited in organic poultry feeds to 2, 2.5, and 3 kg per metric tonne for laying hens, broilers, and turkeys and other poultry, respectively (USDA, 2011). They have since ruled that these allowed quantities of synthetic Met be further reduced to one, one, and 2 kg per metric tonne for laying hens, broilers, and turkeys and other poultry, respectively, as of October 2, 2012 (USDA, 2012a . The addition of synthetic Met in organic poultry diets also has the potential to be banned entirely in the future, since all other synthetic amino acids (AA) are already currently not allowed for use in organic poultry diet in the United States. This would be a major issue for C 2017 Poultry Science Association Inc. Received March 5, 2017. Accepted August 7, 2017. 1 Corresponding author. hkburley@gmail.com organic egg producers, since Met is typically the first limiting AA for commercial hens fed corn and soybean meal based diets. Maintaining adequate Met levels is particularly important for managing egg size and for maintaining albumen and yolk yield for the liquid egg industry (Shafer et al., 1996) .
To meet the Met requirements of the hen without synthetic Met, CP level in diets would have to be increased dramatically. As an example, if a brown layer peaking diet were formulated with corn and expellerpressed soybean meal (SBM) as its 2 major ingredients, it would require 67.35% SBM and contain 31.51% crude protein (CP) to meet the hen's requirement for Met (Burley et al., 2016) . This level of CP is much higher than typically fed to hens and could even be harmful to the bird due to excessive N intake, since Chandra et al. (1984) noted numerous symptoms of nephritis (hydropericardium and thoracic cavity edema, urate deposition on kidneys, etc.) when 18-day-old broilers were fed 42.28% CP diets for 15 weeks. It is, therefore, essential to explore alternative protein sources for use in organic laying hen diets that are more highly 3994 concentrated in Met than SBM. It would be possible to include such ingredients at much lower levels in diets to meet the bird's Met requirement without increasing CP to such an extreme level. Lower CP diets including Met-rich ingredients could have the added benefit of reducing manure N and/or ammonia (NH 3 ) emissions compared to a higher CP diet with SBM or other traditional protein ingredients without synthetic Met. Reducing CP (N intake) in hen diets has been shown to lower N excretion and, subsequently, reduce NH 3 emissions from hen houses (Meluzzi et al., 2001; Liang et al., 2005; Roberts et al., 2007) .
Brazil nuts (Berthollectia excelsa), imported to North America from the Amazon Basin, are rich in oil (65 to 70% "as is"), high in protein (14 to 17% "as is"), and excellent sources of minerals (particularly magnesium, phosphorus, and selenium), linoleic acid, and, most notably, total sulfur-containing AA (TSAA) (Sun et al., 1987; Venkatachalam and Sathe, 2006; USDA, 2012b) . The Brazil nut 2S seed storage albumin (making up 30% of total seed protein) is particularly high in Met (17 to 18%) and Cys (9 to 13%) (Youle and Huang, 1981; Sun et al., 1987) . When most of the oil is removed from de-shelled Brazil nuts during commercial extraction, a Met-rich Brazil nut protein powder (BNPP) remains (3.35 g Met per 100 g powder on an "as is" basis) (Table 1 ), compared to solvent extracted, de-hulled SBM (0.67 g Met per 100 g meal "as is") (NRC, 1994) . A similar Brazil nut meal has been successfully supplemented to navy bean (a Met-poor legume) based rat diets (Antunes and Markakis, 1977) ; however, it has not been investigated as a feed ingredient for poultry. Although limited in quantity and not available domestically, organic BNPP (i.e., oil extracted via mechanical means) is available commercially as an imported commodity that is mainly used for human consumption at this time and therefore could be of interest as an organic alternative to synthetic Met for poultry.
Inedible egg products diverted from human consumption due to cracks, blood, and/or meat spots, leakage, etc., are a constant byproduct of the egg industry and estimated to be ∼8% of all shell eggs broken (USDA-NASS, 2012) and ∼0.5% of all graded shell eggs (USDA, 1996) in the United States. Outlets for inedible egg products include spreading on fields, landfills, rendering plants, or use in liquid animal feed (for pigs, etc.) or dried (for species including dogs, cats, mink, poultry, etc.) (Lease and Johnston, 1980) . Dried inedible egg could be an excellent source of many essential nutrients for poultry, especially Met, with levels of 3.06, 2.44, and 1.48 g per 100 g for spray-dried egg white, spray-dried egg blend (70:30 albumen: yolk), and dried whole egg, respectively, on an "as is" basis (Table 1) (Rembrant Enterprises Inc., 2010 , 2012 USDA, 2012b) . Dried inedible whole egg has been shown to have positive impacts on production performance when included in the diets of both broilers and laying hens (Mast et al., 1984;  El-Deek and Al-Harthi, 2009; Al-Harthi et al., 2011) at inclusion rates up to 10%; however, dried inedible 2 ME (kcal/kg), crude fiber, aspartic acid, glutamic acid, proline, glycine, alanine, iron, copper, manganese, zinc, and selenium values were derived from the USDA National Nutrient Database for Standard Reference (nutrient data for 0,1173, egg, white, dried) ; all other values reported by Rembrandt Enterprises, Inc. (Okoboji, IA).
3 All nutrient and amino acid values for spray-dried egg blend powder, a blend of 70% spray-dried egg white, and 30% spray-dried egg yolk were reported by the company of origin, Rembrandt Enterprises, Inc. (Okoboji, IA), except ME (kcal/kg), crude fiber, magnesium, iron, copper, manganese, zinc, and selenium, which were from the USDA National Nutrient Database for Standard Reference (70:30 nutrient data for 0,1173, egg, white, dried and 0,1137, egg, yolk, dried for SDEB).
egg products have not yet been investigated as a replacement for synthetic Met. Inedible egg would have to be sourced from organic hens (and not include hatchery waste) for it to be a certified feedstuff for organic poultry; nevertheless, because the non-organic version of spray-dried inedible egg is available commercially today, an organic version should still be considered for organic poultry as synthetic Met allowance becomes increasingly limited.
The objectives of this study were: 1) to determine if diets including BNPP, spray-dried egg white (SDEW), or spray-dried egg blend (70:30 albumen: yolk) (SDEB) at levels sufficient to meet bird Met requirements (without inclusion of synthetic Met) can economically maintain hen production performance and egg quality compared to a commercial control diet that includes synthetic Met and a high CP organic control diet without synthetic Met and 2) to assess if these 3 diets can lower manure N and/or NH 3 emissions compared to the high CP organic diet without synthetic Met.
MATERIALS AND METHODS

Birds and Housing
A total of 270 one-day-old Hy-Line Brown laying hen chicks was obtained from a commercial hatchery and raised in a pullet house at the Poultry Education and Research Center at The Pennsylvania State University. Pullet chicks were housed in 61 × 61 cm cages at densities of 155 cm 2 /bird from zero to 6 wk and 310 cm 2 /bird from 6 to 18 weeks. At 18 wk of age, pullets were transferred to an environmentally controlled, mechanically ventilated hen house at the same facility, where 3 pullets were placed per 51 × 30 cm cage (density 510 cm 2 /bird), each equipped with a metal feed trough and a nipple drinker. All lighting and management practices aside from dietary alterations specified by dietary treatments were in accordance with current recommendations for the breed (Hy-Line, 2009). Photoperiod was progressively increased to 16 hr light: 8 hr dark by 27 wk of age and maintained on this schedule for the remainder of the trial. Birds were fed a standard commercial pullet diet until 22 wk of age, when they were transferred to experimental diets. Prior to commencement of the trial, the pullets were weighed and distributed for uniform body weight across treatments. The Pennsylvania State University Institutional Animal Care and Use Committee approved all techniques and procedures involved in animal care and handling (IACUC #39,435).
Experimental Diets
Organic BNPP was obtained from the distributor Essential Living Foods Inc. (Culver City, CA), which imports this product from Bolivia. The powder was created by extracting much of the oil from de-shelled Brazil nuts through a non-heated, cold-pressing process. Prior to the start of the trial, selenium (Se) levels were determined at the Missouri Experiment Station Chemical Laboratories (ESCL) (Columbia, MO) using AOAC (2006) method 2006.03 A-D for sample digestion and preparation and 990.08 for inductively coupled plasma atomic emission spectroscopy (ICP) detection of this element, since Se levels have been known to be high enough in Brazil nuts to cause toxicity in rats (Antunes and Markakis, 1977) . However, in this case, Se measured only 0.34 ppm, which would not be likely to cause any problems for poultry. SDEW and SDEB were obtained from Rembrandt Enterprises, Inc. (Okoboji, IA).
Prior to diet formulation, proximate and total AA composition for both spray-dried egg ingredients were obtained from the company of origin, and BNPP was analyzed for proximate and total AA composition (in triplicate) at the ESCL by AOAC (2006) method 934.01 (using a vacuum oven) for moisture, method 990.03 for crude protein (CP), 920.39A for ether extract, 978.10 for crude fiber, 942.05 for ash, and the Gehrke et al. (1987) method for determination of lysine (Lys), cysteine (Cys), Met, and 9 other AA. Brazil nut protein powder also was analyzed for mineral composition by the Agricultural Analytical Services Laboratory at The Pennsylvania State University (University Park, PA) using the methods of Miller (1998) (Table 1 ). Metabolizable energy (ME) (kcal/kg) for the BNPP was estimated using the Janssen (1989) Hens were divided into 5 dietary treatment groups. Each treatment was replicated with 6 groups of 3 adjacent cages with 3 hens housed per cage. Each 3-cage group was considered an experimental unit. Diets included a commercial control (COM) (non-organic diet with standard CP and synthetic Met), an organic control (ORG) (organic diet with no synthetic Met, but higher CP to meet hen Met requirements), and 3 organic treatment diets with no synthetic Met, but including BNPP, SDEW, or SDEB at a level to meet the Met requirement of the hen (450 mg/bird/d) as recommended by the 2009-2011 Hy-line Variety Brown Commercial Management Guide (Table 2) (Hy-Line, 2009 ). Four out of these 5 diets were simulated to be "organic," meaning the ingredients used in these diets would all be allowed for use based on current organic regulations, and organic feed prices were used to estimate cost of these diets; however, the actual ingredients in these diets were not necessarily certified organic and hen housing and husbandry practices did not follow organic regulations.
Unreasonably high levels of CP would be needed to meet the hens' Met requirements if SBM were the only major protein ingredient in the ORG diet; therefore, de-hulled, mechanically extracted sunflower seed meal (SSM) was made at The Pennsylvania State University to supplement this diet. De-hulled sunflower seeds were purchased from McGeary Organics, Inc. (Lancaster, PA), and a screw press fitted with 7 mm openings was run at 80
• C to produce the meal, which was then ground prior to use. De-hulled SSM was analyzed (in triplicate) for proximate and AA composition by the 1 COM = commercial control diet; ORG = organic control diet; BNPP = Brazil nut protein powder diet; SDEW = spray-dried egg white diet; and SDEB = spray-dried egg blend (70:30 albumen: yolk) diet.
2 Nutrient and amino acid analyses were completed in triplicate at the University of Missouri Agricultural Experiment Station Chemical Laboratories (ESCL) (Columbia, MO).
ESCL (as described above), resulting in values of 43.52, 13.04, 3.44, and 7.90 g per 100 g "as is" for CP, ether extract, crude fiber, and ash, respectively. ME (kcal/kg) for this product was estimated using the Janssen (1989) equation 6.28 × DM -6.28 × ash + 25.38 × CP 62.62 × EE (for sunflower, expeller or solvent, decorticated). De-hulled SSM, though not commercially available today, is a considerably better source of Met than SBM (1.04 vs. 0.67 g Met per 100 g meal "as is"). It is less concentrated in Met than the BNPP and egg-based test ingredients, but enough so that it could be used in the ORG diet formulation to lower CP to an acceptable level for the birds. Digestibility coefficients of the SSM and the test ingredients were unknown at the time of this trial; therefore, diets were formulated on a total AA basis. The target value for daily consumption of total Met was 450 mg, and minimum levels for daily consumption of other total AA were as follows: 930 mg of Lys, 750 mg of TSAA, 210 mg of Trp, 715 mg of Ile, 520 mg of Thr, and 770 mg of Val. Hens were fed a single nutritional phase during the trial from 22 to 38 wk of age. Diets were formulated using Brill Formulation R software (Cargill, Inc.) using current ingredient prices at the time of the trial. Nutrient levels were based on the guidelines of both the 2009-2011 Hy-Line Variety Brown Commercial Management Guide (Hy-Line, 2009) and NRC (1994). Data were collected over 4 28-day periods: period 1 (22 to 26 wk), period 2 (26 to 30 wk), period 3 (30 to 34 wk), and period 4 (34 to 38 wk).
Data Collection
Body Weight and Production Data Body weight of all hens was determined at 22 wk of age and every 4 wk thereafter. Egg production was recorded daily. Feed intake (FI) (g/bird/d) was measured and feed conversion (FC) (kg feed/dozen eggs) calculated for each experimental unit (e.g., group of 3 adjacent cages) at the end of each 4-week period at 26, 30, 34, and 38 weeks.
Egg Parameters Twelve eggs from each experimental unit (e.g., group of 3 adjacent cages) were collected every 2 wk to determine egg weight and assess either interior or shell quality. At 26, 30, 34, and 38 wk of age, egg weight was measured using a digital balance, albumen height (AH) was determined using a tripod micrometer and electronic height gauge, and Haugh units (HU) were calculated using the Technical Services and Supplies QCM+ Egg Quality System (TSS, York, England) and employing the Haugh unit formula (Haugh, 1937) . Yolk color was subjectively assigned to all eggs using a Hoffman La Roche yolk color fan (Vuilleumier, 1969) . Additionally, following egg weight, albumen height, Haugh unit, and yolk color measurements at these times, 6 out of the 12 eggs were separated into parts for determination of component yields by procedures previously described by Suk and Park (2001) , with several modifications. Briefly, this was done by separating the yolk from the albumen, removing the chalazae from the yolk using forceps, and rolling the yolk on a paper towel to remove any adhering albumen prior to weighing the yolk. The interior of the shell was wiped out with a tissue to remove residual albumen before weighing the shell. Albumen weight was determined by subtracting yolk plus shell weight from total egg weight. At 24, 28, 32, and 36 wk, egg weights were recorded using a digital balance, and egg-specific gravity was determined using saline solutions with densities ranging from 1.060 to 0.095 at 0.005 intervals (Bennett, 1993) .
Ammonia Flux During periods 2 and 3, an airflow recirculation, bowl-shaped, skirted (28 cm H, 29 cm D) portable flux chamber (chamber volume = 0.02707 m 3 ), connected to a photoacoustic infrared analyzer (Model 1412, Innova Air Tech Instruments, Ballerup, Denmark), was used to measure manure NH 3 flux (mg/mm 2 /min) on the manure belt below each experimental unit (e.g., group of 3 adjacent cages) after allowing 3 d of manure accumulation. Ammonia flux measurements preceded subsequent manure collection to discourage additional NH 3 release that could result from disturbing the surface of the manure. The flux chamber was placed on the manure surface (surface area covered by the chamber was 0.06701 m 2 ) and left on the manure belt undisturbed for 4 min, taking a concentration measurement at time 0 and then every 60 s, resulting in a total of 5 readings per measurement site. Ammonia flux was calculated from these readings using a series of calculations outlined previously by Wheeler et al. (2008) .
Manure Nutrients Manure samples were collected off the manure belt at the location of each NH 3 flux measurement during periods 2 and 3. Manure collection followed the NH 3 flux readings for the reasons described above. Manure samples were analyzed for percent dry matter (DM), total N, ammonium (NH 4 + ) N, organic N, phosphate (P 2 O 5 ), and potash (K 2 O) by the Agricultural Analytical Services Lab at The Pennsylvania State University. Analytical methods have been described previously by Peters et al. (2003) .
Economic Analysis Estimates of cost per dozen eggs and per kg of eggs were determined for each diet using the following equations: {($/metric tonne diet/1000) × [overall feed intake (kg)]}/[overall number of eggs/12] = $/dozen eggs and {($/metric ton diet/1000) × [overall feed intake (kg)]}/[overall number of eggs × (overall average egg weight (g)/1000)] = $/kg of egg.
Statistical Analysis Data analysis was done using the PROC MIXED procedure of SAS software version 9.2 (SAS, 2008). Again, each 3-cage group of hens was considered an experimental unit. Significant differences among dietary treatments within individual periods were detected using a one-way ANOVA and Tukey's test for multiple mean comparisons (Steel and Torrie, 1980) . To detect overall significant differences between means, across all 4 periods, a repeated measures analysis was conducted with "period" set as the repeated element and "three cage group of hens" as the experimental unit. Statistical significance was defined at P ≤ 0.05.
RESULTS
Body Weight and Production Data
Prior to the start of the trial, at 22 wk of age, initial BW of the hens averaged 1.83 kg overall and did not differ across treatment groups (P > 0.05) (data not shown). However, after beginning the experimental diets, hens fed the SDEW diets averaged lower BW than those fed both of the control diets (COM and ORG) in every period (P = 0.0002 for period 1 and P < 0.0001 for periods 2 to 4) ( Table 3) . Hens fed the SDEB diet 1 COM = commercial control diet; ORG = organic control diet; BNPP = Brazil nut protein powder diet; SDEW = spray-dried egg white diet; and SDEB = spray-dried egg blend (70:30 albumen: yolk) diet.
2 Period 1, 2, 3, and 4 measurements had n = 6 replicates per diet, and the overall measurement had n = 24 replicates per diet.
3 Measurements were made at 26, 30, 34, and 38 wk for periods 1, 2, 3, and 4, respectively.
4 SEM = Pooled standard error of the means.
did not differ in BW from those fed the control diets until period 3, at which point SDEB hens became lighter than COM hens (P < 0.0001 for periods 3, 4, and overall). Body weight for hens fed the BNPP diet was lower during periods 1 and 2 compared to the ORG diet and for during periods 2, 3, and 4 compared to the COM 
a-b For rows COM, ORG, BNPP, SDEW, and SDEB, means within the same column with no common superscript differ significantly (P ≤ 0.05); for row Week overall, means within this row with no common superscript differ significantly (P ≤ 0.05).
1 Com = commercial control diet; Org = organic control diet; BNPP = Brazil nut protein powder diet; SDEW = spray-dried egg white diet; and SDEB = spray-dried egg blend (70:30 albumen: yolk) diet.
2 Intial, 24, 26, 28, 30, 32, 34, 36 , and 38 wk measurements had n = 72 replicates for each diet, and the overall measurement had n = 576 replicates for each diet.
3 Intial measurement of egg weight was made at 22 weeks. 4 SEM = Pooled standard error of the means.
diet. Based on overall means, hens fed the COM diet were significantly heavier than those fed all other diets (P < 0.0001), with overall BW being 1.90 kg for the COM and averaging 1.81 kg across all other diets. Overall hen BW was lower in period 4 compared to the 3 earlier periods (P < 0.0001). There was also a significant interaction found between diet and period (P = 0.0045). There were only 2 mortalities for the entire flock during this trial and were associated with 2 different diets. Compared to hens fed the COM diet, significantly lower FI, but better FC was observed for hens fed both egg-based diets in period 1 (P < 0.0001 and P = 0.0004 for FI and FC, respectively) and overall for the 16-week study (P < 0.0001 for both FI and FC) ( Table 3) . Overall FI and FC averaged 107.74 g feed/bird/d and 1.36 kg feed/dozen eggs, respectively, for the COM, while the egg-based diets averaged 100.07 g feed/bird/d and 1.27 kg feed/dozen eggs, respectively. Hens fed the SDEB diet had significantly better FC in period 4 (P = 0.0346) and overall (P < 0.0001) compared to those fed the ORG diet. Hen-day egg production averaged 94.70% overall across all dietary treatments and did not differ significantly among the COM, BNPP, SDEW, and SDEB diets at any time (P > 0.05). However, reduced egg production was observed for hens fed the ORG diet compared to those fed the SDEB diet in periods 3, 4, and overall (P = 0.0125, P = 0.0113, and P = 0.0161, respectively) and compared to the BNPP diet in period 4 only (P = 0.0113). Overall FI and egg production were also significantly lower in period 4 compared to all earlier periods (P < 0.0001).
Egg Parameters
Hens fed the ORG diet produced significantly heavier egg weights compared to those fed the COM diet at 24 and 26 wk (P = 0.0066 and P = 0.0175, respectively), compared to those fed the BNPP diet at 26 wk (P = 0.0175), compared to those fed the SDEW diet at 32 wk (P = 0.0327), and compared to those fed all other diets based on the overall means (P < 0.0001) ( Table 4) . Egg weight averaged 62.3 g for the ORG diet compared to averaging 61.1 g across the remaining diets. Eggs laid in period 1 were also significantly lighter than those laid in all subsequent periods (P < 0.0001).
Hens fed the SDEW diet had significantly greater AH and HU compared to those fed the ORG diet in period 2 (P = 0.0122 and P = 0.0058 for AH and HU, respectively), compared to those fed the BNPP diet in period 3 (P = 0.0156 and P = 0.0051 for AH and HU, respectively) and period 4 (P = 0.0032 and P = 0.0026 for AH and HU, respectively), and compared to those fed both the ORG and BNPP diets overall (P = 0.0013 and P = 0.0005 for AH and HU, respectively) ( Table 5) . Albumen height and HU were significantly greater for periods 1 and 2 compared to subsequent periods and greater for period 3 compared to period 4 (P < 0.0001).
For all individual periods and overall, the COM diet had significantly greater (i.e., darker) yolk color scores than all other diets, and the BNPP, SDEW, and SDEB diets had significantly greater yolk color scores compared to the ORG diet (P < 0.0001 for overall means). Yolk color was significantly darker for period 1 compared to subsequent periods, and period 4 had darker yolk color compared to periods 2 and 3 (P < 0.0001). A significant interaction between diet and period also was found for yolk color (P < 0.0001).
Greater percent albumen was observed for eggs from hens fed the SDEW diet compared to those fed the BNPP diet in period 2 (P = 0.0026) and period 4 (P = 0.0396) and compared to those fed the BNPP and COM diet overall (P = 0.0043). Additionally, percent Haugh units 3, 6 Yolk color 3, 6 Percent albumen 3, 5, 7 Percent yolk 3, 5, 7 Percent shell 3, 7 Specific gravity 4, 6 Percentage data analyzed with an arcsine transformation. 6 Periods 1, 2, 3, and 4 had n = 72 replicates for each diet, and the overall there was n = 576 replicates for each diet. 7 Periods 1, 2, 3, and 4 had n = 36 replicates for each diet, and the overall there was n = 288 replicates for each diet.
yolk was significantly less for the SDEW diet compared to the BNPP diet in period 2 (P = 0.0207) and compared to the SDEB diets during period 4 (P = 0.0348) and overall (P = 0.0140). Based on overall means, eggs from hens fed the BNPP diet had significantly greater percent shell compared to those from hens fed the ORG and egg-based diets (P < 0.0001) and higher specific gravities compared to eggs from hens fed all other diets (P < 0.0001). Egg percent shell and specific gravity also was found to be significantly greatest in period 2 compared to all other periods in the trial (P < 0.0001 for both parameters). a-c Means within the same column with no common superscript differ significantly (P ≤ 0.05). 1 COM = commercial control diet; ORG = organic control diet; BNPP = Brazil nut protein powder diet; SDEW = spray-dried egg white diet; and SDEB = spray-dried egg blend (70:30 albumen: yolk) diet.
2 Total N = total nitrogen, (NH 4 + ) N = ammonium nitrogen, Org N = calculated organic nitrogen, P 2 O 5 = total phosphate, K 2 O = total potash, and NH 3 Flux = ammonia flux.
3 Measurements were made at 30 and 34 wk for periods 2 and 3, respectively. Period 2 and 3 measurements had n = 6 replicates for each diet and the overall measurement had n = 24 replicates for each diet.
4 SEM = Pooled standard error of the means. 5 Percentage data analyzed with an arcsine transformation.
Manure Nutrients and Ammonia Flux
The COM diet had significantly greater manure DM than all other diets during both periods when measurements were taken (P < 0.0001 for period 2 and P = 0.0086 for period 3) and for the overall mean (P < 0.0001) ( Table 6 ). Manure from hens fed the egg diets also had higher DM than the ORG diet during period 2 (P < 0.0001) and overall (P < 0.0001). Manure DM was significantly lower during period 3 (measurements taken in June) compared to period 2 (measurements taken in May) (P = 0.0051). Manure total N, Org N, and P 2 O 5 did not differ significantly among diets (P > 0.05 for all parameters); however, manure potash was significantly greater for the BNPP diet compared to the COM and egg-based diets in period 3 (P = 0.0026) and compared to all other diets during period 2 (P < 0.0001) and overall (P < 0.0001). Manure P 2 O 5 was significantly lower and potash was significantly greater in period 2 compared to period 3 (P = 0.0106 and P = 0.0256 for P 2 O 5 and potash, respectively). Manure (NH 4 + )N was significantly greater from hens fed the SDEB diet compared to hens fed the control diets both in period 2 (P = 0.0357) and overall (P = 0.0020), with manure (NH 4 + ) being 8.48 kg/metric tonne for SDEB and averaging 6.41 kg/metric tonne for the controls overall. Ammonia flux was higher for both the egg-based diets compared to the COM diet in period 2 (P = 0.0489) and overall (P = 0.0012), with overall NH 3 flux averaging 12.40 and 13.54 mg/mm 2 /min for the SDEB and SDEW diets, respectively, compared to 7.01 mg/mm 2 /min for the COM diet. The SDEW diet also had higher NH 3 flux compared to both controls in period 3 (P = 0.0313) and compared to the BNPP diet overall (P = 0.0012).
Economic Analysis
The prices of the 4 "organic" diets averaged $691/metric tonne and were all higher in price than 1 COM = commercial control diet; ORG = organic control diet; BNPP = Brazil nut protein powder diet; SDEW = spray-dried egg white diet; and SDEB = spray-dried egg blend (70:30 albumen: yolk) diet.
2 Estimates of cost per kg eggs determined using the following equation for each diet: {($/metric tonne diet/1000) × [overall feed intake (kg)]}/[overall number of eggs/12] = $/dozen eggs.
3 Estimates of cost per kg eggs determined using the following equation for each diet: {($/metric ton diet/1000) × [overall feed intake (kg)]}/[overall number of eggs × (overall average egg weight (g)/1000)] = $/kg of egg.
the COM diet ($269/metric tonne). The 3 treatment diets ($711, $689, and $486/metric tonne for the BNPP, SDEW, and SDEB diets, respectively) also had lower formulation prices than the ORG diet ($880/metric tonne) ( Table 2 ). An economic analysis similarly showed that the COM diet had the lowest cost per dozen eggs and per kg of egg mass compared to all other diets, and the 3 treatment diets had lower costs per dozen eggs and per kg of egg mass compared to the ORG diet (Table 7) . Additionally, the SDEW diet was more costly per dozen eggs and per kg of eggs vs. the SDEB diets, and the BNPP diet was higher in cost per unit of product compared to either of the egg-based diets.
DISCUSSION
Significantly heavier overall hen BW observed for the ORG vs. the BNPP and SDEW diets may have resulted due to the ORG diet containing the highest level of CP, since hen BW has been shown to increase linearly with level of dietary CP (Novak et al., 2006) . However, contrary to this reasoning, based on overall means, hens fed the COM diet, which contained the lowest level of CP, had the highest BW compared to all other diets. Lowest overall BW in the last period of the trial could be the result of the significantly lower overall FI for the egg-based vs. the COM diet, since the interaction between diet and period was significant for overall BW and overall FI. Lower overall FI for hens fed the SDEW and SDEB diets compared to all other diets in this study that did not contain egg-based ingredients could have resulted from impacts of egg consumption on satiety that has previously been demonstrated in literature. Vander Wal et al. (2005) reported that for overweight and obese human subjects (women between ages 25 and 60 with BMI ≥ 25 kg/M2), an egg vs. bagel-based breakfast led to greater perceived satiety and significantly lower consumption of energy, protein, fat, and carbohydrate for lunch 3.5 h later (P < 0.0001). The authors attributed these findings to the lower glycemic index of eggs vs. bagels and the hormonal response to egg consumption favoring delayed gastric emptying (Pelletier et al., 1996) .
Despite reduced BW and FI for the egg-based diets in the current study, because egg weight and egg production for hens fed the egg-based diets did not differ from those fed the COM diet, the egg-based diets would likely be quite economical for use, since greater BW gain is not a specific goal with laying hens, and BW may even need to be controlled in older hens to maintain target egg size. The reason for the lower egg production of hens fed the ORG diet compared to the SDEB diet in periods 3, 4, and overall is unclear. Because of similar egg production across dietary treatments, the higher FI of the COM diet likely led to the poorer FC for this diet compared to the treatment diets. Improved FC has been observed previously when dried whole egg was included in laying hen diets from 5 to 10%; however, these studies also revealed improvements in BW and BW gain for these egg-based diets, which were not observed in the current study (El-Deek and Al-Harthi, 2009; Al-Harthi et al., 2011) .
Heavier egg weights for the ORG diet vs. all other diets were likely the result of high CP and/or corn oil level in this diet, since both increases in dietary CP and higher levels of added oil in hen diets have been shown to increase egg weight (Penz Jr. and Jensen, 1991; Grobas et al., 1999; Novak et al., 2006) . Although the greater egg weight observed for the high CP ORG diet may appear to be a benefit, this is not always desirable in commercial practice, particularly in the organic industry where maintaining the most commonly sold egg size, large, is essential to sustaining egg marketability and efficiency. Additionally, larger eggs have a lesser percentage of shell and thinner shells (because the amount of shell does not increase proportionally with egg size), which can negatively impact eggshell breaking strength (Ahmadi and Rahimi, 2011) . Significantly lower egg weight during period 1 compared to all later periods in the trial is likely due to egg size increasing with hen size due to age (Hyline, 2009) .
Greater albumen height, Haugh unit, and percent albumen in eggs from hens fed the SDEW diets relative to other diets in this study may have resulted from the inclusion of dried egg albumen in this diet and a better AA balance for supporting the generation of albumen compared to diets without this ingredient. Such improvements in egg albumen yield and quality could be of commercial importance to the egg breaker industry. The greatest shell percentages and specific gravity scores observed for the BNPP diet may reflect the higher mineral (e.g., Ca, P, Mg, Fe, Cu, Mn, and Zn) content of the BNPP compared to SDEW, SDEB, and the main ingredients used in the control diets (e.g., corn, SSM, and SBM) ( Table 1) . Improvements in shell quality may provide protection against cracks for the shell egg industry without any corresponding reductions in albumen or yolk yield compared to the control diets (Table 5 ). The darkest egg yolk color scores measured for the COM diet compared to all other diets overall were probably related to the presence of xanthophyll-rich corn gluten meal in the COM diet (at 6%), which was not an ingredient that was included in the other diets. Although dried whole egg has previously been shown to increase yolk color due to the presence of yolk pigments, the SDEB (30% egg yolk) product did not appear to produce the same effect in the current study, since yolk color did not differ between this diet and the BNPP and SDEW diets. The significant decline of overall egg albumen height, Haugh units, albumen percent, shell percent, and specific gravity, and increase of overall yolk percent over time may be the result of progressing hen age; however, it is unclear why egg yolk color would be greater for periods 1 and 4 compared to periods 2 and 3 or what the significance of the diet and period interaction is in this instance.
Greater manure DM from hens fed the COM vs. those fed all other diets and from those fed the egg-based diets compared to those fed the ORG diet may be directly related to level of dietary CP, since it has been shown that lower CP (e.g., lower N) broiler diets can lead to lower litter moisture due to higher acidity of the manure (Ferguson et al., 1998) . Increased manure/litter acidity also can have the added benefit of reducing NH 3 emissions by inhibiting bacteria that produce NH 3 through the hydrolysis uric acid and urea (Roberts et al., 2007) . Higher NH 3 flux for manure from hens fed the egg-based diets vs. the low CP COM diet also may be partially explained by this effect. It is also possible that this finding and the greater manure (NH 4 + )N observed for hens fed the SDEB diet vs. those fed both control diets may have resulted from the presence of protease inhibitors in egg white that may not have been inactivated by the spray-drying process, which does not use temperatures exceeding ∼65
• C (Andrew Herr, Rembrandt Enterprises, Inc., 2012, personal communication). These protease inhibitors include serine protease inhibitor ovomucoid [denatured at 77
• C (Mine, 1995) ], multiple protease inhibitor ovoinhibitor [stable until 78
• C (Woodward and Cotterill, 1983) ], cysteine protease inhibitor cystatin [having decreased protease activity only after heating to 100
• C (Sen and Whitaker, 1973) ], and ovomacroglobulin [stable until 60
• C (Woodward and Cotterill, 1983) ] (Burley and Vadehra, 1989) . These anti-nutritional compounds can reduce protein breakdown for utilization by the bird, leading to additional protein and AA nitrogen remaining in the manure, which can then act as a substrate for NH 3 producing bacteria (Han et al., 1991; Roberts et al., 2007) . Temperatures used for spray-drying these egg products are also not sufficient to inactivate the biotin-binding protein avidin in egg white (stable to 85
• C alone and to 132
• C as a part of the avidin-biotin complex), which may present a problem when using spray-dried egg products in poultry diets (Green, 1975) . Although no symptoms of biotin deficiency or mortality issues were observed for the study herein, broilers fed dried egg products have been shown to have major morbidity and mortality problems related to biotin deficiency unless the egg products were boiled, autoclaved, etc., to heat the product to a sufficient temperature that would inactivate avidin (Lease and Johnston, 1980; Kratzer et al., 1988; Hempe and Savage, 1990) . Other studies have similarly found that pullets and laying hens fed spray-dried whole egg did not experience biotin deficiency symptoms, potentially due to the greater age of mature hens and later stage pullets vs. young broiler chickens (El-Deek and Al-Harthi, 2009; Al-Harthi et al., 2011) . It is possible that avidin and/or protease inhibitors in egg white also played a role in overall hen BW being lower for the egg product diets vs. the COM diet.
The BNPP diet performed similarly to the two control diets overall, except for the BNPP diet inducing lower overall BW and enhancing both eggshell percentages and specific gravity scores comparatively. Prior to commercial use of this product, it should also be considered that the 2S albumin protein fraction of Brazil nuts (which is rich in Met) contains a major human allergen (Nordlee et al., 1996) . Therefore, precautions for feed mill workers with allergies to tree nuts should be taken similarly to if peanut meal is included in poultry diets. Cost and supply of both Brazil nuts and spray-dried egg products also must be addressed. Due to the complex nature of Brazil nut harvesting and need for importation, this ingredient may have limited availability to large-scale organic producers, but could be an effective ingredient for small-scale organic poultry farms as a dietary Met supplement. Spray-dried egg products are available commercially today in the non-organic sector; however, organic inedible egg would have to be sourced for it to be used in organic poultry feed. This type of product is an intriguing possibility in the future, but does not exist on the market today. All 3 experimental ingredients in the study herein resulted in diets with lower projected prices than the ORG diet (Table 2) . These diets were more costly than the COM diet, which was anticipated since organic diets generally cost more than conventional diets. An economic analysis showed the COM diet to have the lowest cost per dozen eggs and per kg of egg compared to all other diets, although the 3 treatment diets cost less per unit of product compared to the ORG diet (Table 7) . In terms of cost per ton, per dozen eggs, and per kg of eggs, the SDEW and BNPP also were projected to be more expensive than a typical organic layer diet (e.g., one that allows synthetic Met inclusion), with the projected price of $562/ton and projected cost per dozen eggs and per kg of egg being $0.84 and $1.12, respectively. Interestingly, although the SDEB diet was also estimated to be more costly than this typical organic diet (with synthetic Met inclusion) per ton of feed, it was projected to be lower in price both per dozen eggs and per kg of egg, suggesting that the SDEB diet may be quite economical for inclusion in organic hen diets.
Overall, this study showed that Brazil nut protein powder and 2 different spray-dried egg products could be used to replace synthetic Met in laying hen diets at a lower cost compared to a high CP organic diet (formulated with typical ingredients and without synthetic Met) without negatively impacting egg weight, production, or quality. The egg-based ingredients, however, require further investigation, since, despite improving feed conversion, including these dietary ingredients resulted in reduced FI and BW and elevated manure moisture and ammonia flux compared to a non-organic commercial control diet.
